UV-B radiation and water deficit may trigger flavonol and anthocyanin biosynthesis in plant tissues. In addition, previous research has showed strong qualitative effects on grape berry skin flavonol and anthocyanin profiles in response to UV-B and water deficit. The aim of this study is to identify the mechanisms leading to quantitative and qualitative changes in flavonol and anthocyanin profiles, in response to separate and combined UV-B and water deficit. Grapevines (Vitis vinifera L. cv. Tempranillo) were exposed to three levels of UV-B radiation (0, 5.98 and 9.66 kJ m À2 day
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) and subjected to two water regimes. A strong effect of UV-B on flavonol and anthocyanin biosynthesis was found, resulting in an increased anthocyanin concentration and a change in their profile. Concomitantly, two key biosynthetic genes (FLS1 and UFGT) were up-regulated by UV-B, leading to increased flavonol and anthocyanin skin concentration. Changes in flavonol and anthocyanin composition were explained to a large extend by transcript levels of F3 0 H, F3 0 5 0 H and OMT2. A significant interaction between UV-B and water deficit was found in the relative abundance of 3 0 4 0 and 3 0 4 0 5 0 substituted flavonols, but not in their anthocyanin homologues. The ratio between 3 0 4 0 5 0 and 3 0 4 0 substituted flavonols was linearly related to the ratios of F3 0 5 0 H and FLS1 transcription, two steps up-regulated independently by water deficit and UV-B radiation, respectively. Our results indicate that changes in flavonol profiles in response to environmental conditions are not only a consequence of changes in the expression of flavonoid hydroxylases; but also the result of the competition of FLS, F3 0 5 0 H and F3 0 H enzymes for the same flavonol substrates.
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Introduction
Flavonoids are important plant secondary metabolites due to their key role in photoprotection, disease resistance and the coloration of flowers and fruits (Treutter 2005 , Wessinger and Rausher 2012 , Agati et al. 2013 ). Flavonols and anthocyanins arise from the general flavonoid biosynthesis pathway. In the case of anthocyanins, their concentration and spectrum are a major factor determining plant color, and in the case of grapes, value-added products such as wine (Nishihara and Nakatsuka 2011, He et al. 2012) . Thus, different anthocyanins give place to a wide range of colors, from orange to purple, according to the substituent in 3 0 and 5 0 position of the B-ring (Tanaka and Ohmiya 2008) . Flavonols may also influence plant color, enhancing color intensity or modulating color hue, through covalent link with anthocyanins (Bloor 1997 , Boulton 2001 , Saito et al. 2011 . In addition, flavonol profiles have been proposed as chemical markers for the authentication of grapes and wines (Hermosín-Gutiérrez et al. 2010) .
The transcriptional regulation of flavonoid metabolism in grape berry development is one of the most extensively studied, with 14 flavonoid related genes of the R2R3 MYB family described (Matus et al. 2008 , Fournier-Level et al. 2010 , Czemmel et al. 2012 . Flavonol and anthocyanin biosynthesis is mediated by the expression of encoding MYBF1 and MYBA1 transcription factors, which trans-activate flavonol synthase (FLS1) and UDP-glucose flavonoid glucosyl transferase (UFGT). FLS and UFGT enzymes are involved in the last step of flavonol and anthocyanin biosynthesis respectively, which enables plants to regulate the metabolic flux towards the synthesis of these two flavonoid groups independently (Walker et al. 2007 , Czemmel et al. 2009 ). Nevertheless, the regulation of flavonoid biosynthesis by environmental factors still needs further research (Czemmel et al. 2012) . Recent research has been focused on unraveling the mechanisms leading to flavonoid diversification according to their substituents in 3 0 and 5 0 positions in the B-ring (Tanaka and Ohmiya 2008 , Nishihara and Nakatsuka 2011 , Wessinger and Rausher 2012 , Saito et al. 2013 . The general mechanism of diversification of grape flavonoids has been described by Bogs et al. (2006) through the identification of flavonoid hydroxylases. Thus, the constitutive expression of the genes encoding for these enzymes determine, to a great extent, berry color (Falginella et al. 2010) . Flavonoid 3 0 5 0 hydroxylase (F3 0 5 0 H) has an expression peak one week after the onset of veraison concomitant to the configuration of the hydroxylation profile of anthocyanins (Castellarin et al. 2006 ). In addition, the degree of 3 0 and 5 0 methylation of anthocyanin profiles has been explained by the expression level of O-methyltransferases (OMTs, Fournier-Level et al. 2011 ). However, despite flavonol and anthocyanin biosynthesis putatively share these enzymes, when comparing the diversification of anthocyanins and flavonols, great dissimilarities may be observed (Mattivi et al. 2006 , Castillo-Muñoz et al. 2009 ).
UV-B radiation (280-315 nm) has been proposed as a useful factor to enhance the quality and health-promoting molecules, including polyphenols, in vegetables and fruits (Jansen et al. 2008) . Indeed, the positive effect of UV-B on grape berry ripening has been reported, increasing flavonoid content in the berries and affecting flavonoid profiles (Berli et al. 2011 , Gregan et al. 2012 . Martínez-Lüscher et al. (2014) have recently reported that B-ring hydroxylation of flavonol profile of grape berry was linearly affected by UV-B exposure under controlled conditions. It was hypothesized that FLS up-regulation by UV-B led to a profile richer in 4 0 and 3 0 5 0 hydroxylation per se, without the mediation of changes in F3 0 5 0 H expression. In other words, FLS and F3 0 5 0 H enzymes compete for the same substrates, in consequence, an up-regulation of FLS leads to a proportional decrease in flavonols hydroxylated in 5 0 position of the B-ring. Moderate water deficit is widely utilized for improving wine grape quality. The influence of low water availability on berry composition can be attributed to several factors, including the hydraulic restriction of growth and chemical signaling (e.g. abscisic acid) from drying roots (Chaves et al. 2010) . Water deficit may accelerate ripening and increase the biosynthesis of specific secondary metabolites such as tannins, proanthocyanidins and anthocyanins (Castellarin et al. 2007a , Deluc et al. 2009 , Bucchetti et al. 2011 , Olle et al. 2011 ). In addition, water deficit has been reported to affect the diversification pattern of anthocyanins, mediated by the up-regulation of F3 0 5 0 H (Castellarin et al. 2007b) . Hereby, other authors have proposed also an existing deferential regulation of F3 0 5 0 H and flavonoid 3 0 hydroxylase (F3 0 H) as the mechanisms leading to changes in the flavonoid profile (Bogs et al. 2006 , Castellarin et al. 2007a ). However, changes in flavonoid hydroxylases expression may not explain the effect of UV-B on flavonol and anthocyanin profiles reported by Martínez-Lüscher et al. (2014) , as in that study the hydroxylation of flavonols and anthocyanins was differentially affected by UV-B exposure.
The main objective of this study was to elucidate the mechanisms leading to changes in flavonol and anthocyanin profiles, in response to separate and combined UV-B and water deficit. This work aimed to: (i) demonstrate that the changes in flavonol profiles induced by UV-B radiation are not only related to changes in the expression level of hydroxylases, but also to the up-regulation of FLS per se, as suggested by Martinez-Lüscher et al. (2014) , (ii) investigate if the mechanisms of diversification of flavonol and anthocyanin profiles elicited by UV-B are modified by water deficit, which has been reported to induce a different mechanism of diversification through the up-regulation of F3 0 5 0 H. Our aim is to improve the present knowledge of the constitution of flavonoid profiles, rather than characterize the effect of the environmental factors UV-B radiation and water availability within the natural conditions. To this end, fruit-bearing cuttings model (Ollat et al. 1998 ) was chosen to analyze the impact of UV-B radiation and water availability with precision. The fruit-bearing cuttings allows the development of vegetative (roots, leaves and shoots) and reproductive (inflorescences and clusters) organs as for the vineyard grapevines, under controlled environmental conditions. In addition, the chronology of flowering and fructification of the fruit-bearing cuttings is similar to that of the vineyard-grown grapevines (Lebon et al. 2008) . Hence, fruit-bearing cuttings have been successfully used as a model for studies on grape berry composition (Dai et al. 2013 ) and the environmental regulation of the transcript profile (Carbonell-Bejerano et al. 2013) .
Results

Plant water status
Leaf stomatal conductance and stem water potential were significantly lower (more negative in the last case), in plants under water deficit (Fig. 1) . No alteration was observed in response to UV-B radiation or the interaction between UV-B and water availability.
Principal component analysis of grape skin flavonol and anthocyanins profiles at maturity Principal component analysis (PCA) performed on flavonol and anthocyanin profile readily separated the 0 kJ m À2 d À1 treatments from the UV-B supplemented treatments both under well watered and drought conditions with no overlaps (Fig. 2A) . PC1 and PC2 explained about 82% of the total variance. PC1 discriminated UV-B doses (Fig. 2B) , based on the total concentration of anthocyanins and flavonols, as well as flavonol hydroxylation patterns ( Table 1) . PC2 best separated samples according to their water availability based on hydroxylation pattern of anthocyanins, and their higher relative abundance of methylated, acetyl acylated and -p coumaroyl acylated anthocyanins (Fig. 2B , Table 1 ).
Effect of UV-B and water availability on flavonol and anthocyanin profiles
Total skin flavonol concentration increased 4.5 fold under UV-B and this took place mostly after the onset of veraison (Fig. 3A) , while total anthocyanin increase was about 16% (Fig. 4A) .
The 3
0 4 0 substituted were the most abundant flavonols until veraison ( Fig. 3C ) whereas 3 0 4 0 5 0 substituted were the major flavonols at maturity (Fig. 3D) . UV-B and water deficit altered to some extent these developmental changes, leading to profiles richer in 4 0 and 3 0 4 0 substituted flavonols in the case of UV-B treated plants ( Fig. 3B , C) and richer in 3 0 4 0 5 0 substituted flavonols in plants subjected to water deficit (Fig. 3D) . A significant interaction between UV-B and water availability was found in the relative abundance of 3 0 4 0 and 3 0 4 0 5 0 substituted flavonols ( Table 1) . The 4 0 substituted flavonols were detected in small concentrations in all of the treatments at any stage, but especially in the treatment without UV-B. Indeed, in the 0 kJ m À2 d À1 treatments 4 0 substituted flavonols were only detected at pea size stage but not in the next samplings (onset of veraison and maturity stages). Flavonol profiles were proportionally affected by changes in the metabolic flux towards the synthesis of flavonols, the relative abundance of 3 0 4 0 5 0 substituted flavonols decreasing as total concentration of flavonols increased (Fig. 5) . In addition, this relation was conditioned by water availability (mainly for 3 0 4 0 and 3 0 4 0 5 0 substituted flavonols relative abundance), but even so, the correlation between the hydroxylation pattern and total skin flavonol concentration was high in any case (p < 0.001). Methylated flavonols (Fig. 3E) were at low concentrations in all the treatments at the pea size stage and the onset of veraison, and in fact, they were not detected under 0 kJ m À2 d À1 treatments at those stages. Methylated flavonols increased at maturity, especially in berries exposed to UV-B, but they were not further increased by water deficit.
Hydroxylation of the B-ring of anthocyanins was affected by both UV-B and water deficit. An increase in 3 0 4 0 substituted anthocyanins was observed with UV-B (Fig. 4B) . However, this did not result in an increase in their relative abundance ( Table 1) Table 1 ). Methylated anthocyanins were higher in UV-B and water deficit treated plants (Fig. 4D) . However, only in the case of water deficit this resulted in increased relative abundance ( Table 1) . The concentration of -p coumaroyl and acetyl acylated anthocyanins increased under UV-B and water deficit (Fig. 4E, F) . Columns are means ± SE (n = 10-12 and n = 4, respectively). These plants were grown under 0, 5.98 and 9.66 kJ m À2 d À1 of UV-B, well watered and drought. As UV-B and developmental stage did not influence leaf stomatal conductance and water potential, UV-B treatments are displayed in two groups according to their water availability treatment. Main effects of developmental stage, P (Stage) ; UV-B, P (UV-B) and water availability, P (WA) ; and interaction between UV-B and water availability, P (UV-BxWA) . Transcriptional regulation of flavonol and anthocyanin biosynthesis by UV-B and water deficit in the grape berry UV-B strongly increased the transcript levels of FLS1 (10-fold induction), UFGT, and flavonoid 3 0 hydroxylase (F3 0 H) (Fig. 6 ). Water deficit significantly increased the expression levels of F3 0 5 0 H. The expression levels of the flavonoid O-methyl transferase 2 (OMT2), significantly increased with UV-B doses and water deficit conditions. MYBF1 was the only regulatory gene affected by UV-B, with a significant increase (4.9-fold induction) regardless of water availability (Fig. 6) . Expression levels of MYBA1 were not significantly affected by the treatments.
The ratio 3 0 4 0 5 0 to 3 0 4 0 substituted anthocyanins was affected by both UV-B and water deficit (Fig. 7C) . The ratio 3 0 4 0 5 0 to 3 0 4 0 substituted flavonols was significantly affected by UV-B and water deficit, but also by their interaction (Fig. 7A) . The expression levels of F3 0 5 0 H were correlated to the ratio 3 0 4 0 5 0 to 3 0 4 0 substituted anthocyanins ratio at maturity (Fig. 7D) , whereas, the ratio 3 0 4 0 5 0 to 3 0 4 0 substituted flavonols exhibited a better correlation with the F3 0 5 0 H to FLS1 expression level ratio (Fig. 7B) .
Discussion
Flavonol and anthocyanin biosynthesis regulation by UV-B radiation: beyond berry sugar levels Part of the flavonoid biosynthesis in grape cells is regulated by sugar levels (Ferri et al. 2011) , and in the case of anthocyanins, increased sugar levels may be enough to trigger their biosynthesis (Dai et al. 2014) . In the present study, both anthocyanin and flavonol skin concentrations were increased by UV-B regardless of TSS (Supplementary Table S1 and Figs. 3, 4) . Our results are similar to those found by Berli et al. (2011) , where solar UV-B increased flavonoid concentration (anthocyanins, flavonols and proanthocyanidins). However, in that case, the process was mediated by a hastening in sugar accumulation. The expression of UFGT, encoding for an enzyme responsible for anthocyanin stabilisation, was up-regulated by UV-B leading to an increase in anthocyanins in the skin (Figs. 4, 6 ). UFGT promoter is activated by MYBA1/2 regulatory genes (Walker et al. 2007 ). However, MYBA1 transcript level was not significantly higher under UV-B. The expression of the genes coding for enzymes in the early steps of this pathway, such as phenylalanine ammonia lyase (data not shown) and chalcone synthase (CHS), were not affected, in any case. Castellarin et al. (2007b) showed strong correlations of both UFGT and CHS expression levels with total anthocyanin content, but these authors acknowledged the prime importance of UFGT due to its anthocyanin specificity. MYBF1 and FLS1 up-regulation was triggered by UV-B (Fig. 6 ), leading to a strong increase in flavonol concentration (Fig. 3) . The VvMYBF1 transcription factor is a flavonol biosynthesis specific regulator in grapevine (Czemmel et al. 2009 ), and the up-regulation of its homolog in Arabidopsis thaliana (AtMYB12; Mehrtens et al. 2005 ) is the consequence of UV-B radiation interception by the UV-B photoreceptor UV RESISTANCE LOCUS 8 (UVR8; Tilbrook et al. 2013) . Thus, UVR8 associates with chromatin containing the AtMYB12 promoter, which in turn trans-activates the expression of CHS and flavonol biosynthetic genes (Cloix and Jenkins 2008) . In the present study, FLS1 was clearly up-regulated under UV-B, but not CHS (Fig. 6) , thus supporting the previously reported idea that VvMYBF1 has a higher specificity for FLS1 than for CHS promoter (Czemmel et al. 2012 ). This study confirms that FLS1 (also referred to as FLS4; Fujita et al. 2006 ) is activated mainly by solar UV-B radiation in ripening grapes, leading to flavonol accumulation reported in previous research (Matus et al. 2009 , Berli et al. 2011 , Gregan et al. 2012 .
Water deficit as an elicitor of quantitative and qualitative changes in flavonol and anthocyanin profiles Total skin anthocyanin concentrations were not increased by water deficit in the present study (Fig. 3) . However, increases in anthocyanin concentration, either per berry (Olle et al. 2011) or per berry weight (Castellarin et al. 2007a , Deluc et al. 2009 ) in response to water deficit have been previously reported. Water deficit may also increase relative skin mass, which may result in higher anthocyanin concentration per berry weight or higher must anthocyanin concentration (Roby et al. 2004) , without an increase in the biosynthesis rate, as in the present study. In addition, it was observed an effect of water deficit on anthocyanin profiles diversification, increasing the proportion of 3 0 4 0 5 0 substituted and methylated anthocyanins (Table 1) , mediated by the up-regulation of F3 0 5 0 H and OMT2, respectively (Fig. 6) . These results are similar to those reported by Castellarin et al. (2007b) on grapevine plants exposed to water deficit under field conditions. Contrasting results may be found when comparing fruit-bearing cuttings and plants grown under field conditions. These differences may be related to the limitations of the model system (e.g. reduced root development), which may not allow reproducing certain phenomena occurring in vineyard plants in response to water deficit. Still, physiological parameters such as leaf stomatal conductance and stem water potential corroborate that plants were affected by the water deficit treatment imposed (Fig. 1) . Thereby, we consider that fruit-bearing cuttings submitted to the water deficit regime used in the present work are suitable to study metabolic fluxes leading to the constitution of flavonol and anthocyanin accumulation profiles.
UV-B and water deficit led to distinct changes in flavonol compared to anthocyanin profiles
Flavonol and anthocyanin profiles were affected by both UV-B and water deficit in very different ways. For instance, the concentration of methylated anthocyanins increased with both UV-B and water deficit, while methylated flavonols only increased with UV-B (Figs. 3, 4) . Methylation of flavonoids depends on the transcript levels of flavonoid OMTs, but also on the enzyme substrate specificity (Fournier-Level et al. 2011) . Substrate specificity of flavonoid OMTs is quite variable among anthocyanins and flavonols, which could explain the different accumulation pattern of methylated flavonols and anthocyanins, aside from transcript levels (Lucker et al. 2010 , Fournier-Level et al. 2011 . Lucker et al. (2010) reported a higher affinity of OMT for 3 0 4 0 5 0 substituted anthocyanin substrates (e.g. delphidin 3-O-glucoside), but in the case of flavonols, OMT presented higher affinities for 3 0 4 0 substituted substrates (quercetins), whose concentrations were lower under water deficit conditions. This may explain why methylated flavonols did not increase under water deficit despite the increase in OMT2 transcript levels (Figs. 3, 6) .
B-ring hydroxylation pattern was also different in flavonols and anthocyanins (Fig. 7) . Transcript levels for F3 0 5 0 H, the gene encoding the enzyme responsible for the hydroxylation in the 3 0 and 5 0 position of flavonoid precursors, were increased under water deficit (Fig. 6) , leading to anthocyanin profiles richer in 3 0 4 0 5 0 substituted anthocyanins (Fig. 4) . Even though flavonol profiles were affected by the up-regulation of F3 0 5 0 H in the same way as anthocyanins, the higher transcript levels of FLS1, and F3 0 H, induced by UV-B exposure, clearly controlled flavonol profiles, thus increasing the relative abundance of 4 0 and 3 0 4 0 substituted flavonols in detriment of 3 0 4 0 5 0 substituted flavonols ( Table 1) . The up-regulation of FLS and F3 0 H is mediated by UV-B photoreception signaling pathway as part of the coordinated response of the flavonoid biosynthetic enzymes (Stracke et al. 2010 ).The expression of F3 0 H and F3 0 5 0 H is often coordinated, leading to the constitution of the color pattern of flower petals such as in the Petunia, while in grape berries, these two enzymes can show cases of uncoupled patterns of expression (Bogs et al. 2006) . In the present study, the up-regulation of F3 0 5 0 H by water deficit, and F3 0 H in the case of UV-B, confirms that these two enzymes can be regulated independently in grapevines. However, due to the contrasting effects found on anthocyanin and flavonol accumulation profiles (Fig. 7 Fig. 8) , and FLS also competes with F35H for dihydroquercetin (Kaltenbach et al. 1999) . Consequently, changes in any of their activities will lead to different hydroxylation profiles of flavonols. In this work, the increase of flavonol biosynthesis, mediated by high expression levels of FLS1 under UV-B, clearly contributed to produce less hydroxylated profiles of flavonols (Fig. 5) . In addition, when UV-B radiation and water deficit were combined, the interactions found in flavonol profile (Fig. 7B , Table 1 ) were explained by the competition of the two enzymes (FLS and F3 0 5 0 H) for the same substrates. This constitutes a new finding, aside from the imbalance between F3 0 H/F3 0 5 0 H created by UV-B or water deficit which has been used to explain flavonoid profiles in previous research (Bogs et al. 2006 , Castellarin et al. 2007b ). (Fig. 7D) . This suggests that the assessment of the flavonoid hydroxylation pattern by means of F3 0 5 0 H to F3 0 H expression levels ratio, may be over-simplistic in some cases, such as the present study. Due to the affinity of F3 0 5 0 H for F3 0 H product, dihydroquercetin (Kaltenbach et al. 1999) , the up-regulation of F3 0 H may be easily overridden by an up-regulation of F3 0 5 0 H.
Conclusions
UV-B radiation up-regulated genes resulting in higher flavonol and anthocyanin concentrations in grape skins regardless of berry sugar levels. MYB genes regulating flavonol and anthocyanin biosynthesis were less sensitive than the structural genes that they regulate. The up-regulation of FLS1, UFGT, OMT2 and F3 0 H by UV-B radiation, and F3 0 5 0 H and OMT2 by water deficit led to strong changes in the metabolites they are committed to synthesize, however, their relative expression levels (e.g. FLS1/F3 0 5 0 H) were necessary to better explain flavonol and anthocyanin profiles. Significant interactions between UV-B and water deficit were observed in flavonol profiles hydroxylation, as a result of the competition of FLS, F3 0 5 0 H and F3 0 H for the same flavonol substrates. This constitutes an important mechanism of flavonoid profiles diversification, aside from the changes in the expression of flavonoid hydroxylases already reported.
Materials and Methods
Growing conditions and experimental design
Grapevine (Vitis vinifera L. cv. Tempranillo) fruit-bearing cuttings were produced as in Martínez-Lüscher et al. (2013) . Briefly, three-node segments of grapevine shoots were collected in January 2011, from Station of Viticulture and Enology of Navarra (Olite, Spain). Rooting was induced using indol butiric acid in a heat-bed (27 C) kept in a cool room (5 C) in darkness. When cuttings developed enough roots, they were transplanted to 6.5 L pots containing 1:1 soil:peat (v/v). Only one flowering stem was allowed to develop on each plant. Shoots were fixed to horizontal rods compelling leaves to face upwards. Vegetative growth was controlled by pruning, thus maintaining a leaf area to grape mass ratio optimal for berry ripening in all the treatments (around 12 leaves per plant) (Jackson and Lombard 1993) . The experiment was carried out in glasshouses at the University of Navarra (Pamplona, Spain, 42 48 0 14 00 N, 1 39 0 54 00 W) from April to September 2011. Throughout all the experiment, growth conditions in the glasshouses were 25/15 C and 50/90% relative humidity (day/night). Glasshouse walls and structure filtered up to 99.9% of UV-B, 35% of UV-A and 15% of the photosynthetically active radiation (PAR) coming from the sun. A supplemental system of high-pressure sodium lamps (SON-T Agro Philips, Eindhoven, Netherlands) was triggered when PAR dropped below a photon flux density of 1000 mmol m À2 s À1 (14 h photoperiod). When fruit set was complete for all plants, three levels of biologically effective UV-B (0, 5.98 and 9.66 kJ m À2 d À1 ), calculated using the generalized plant action spectrum of Caldwell (1971) , and two water availabilities (well watered and drought) were applied in a factorial design (12 plants per treatment) until maturity. UV-B was applied by means of narrow band lamps TL100W/01 (311-313 spectrum peaking, Philips, Netherlands) hanging above the canopy. Spectral scans were performed with a double monochromator spectroradiometer (model SR9910, Macam Photometrics Ltd., Livingstone, Scotland; Supplementary Fig. S1 ). UV-A radiation emitted by the lamps accounted for less than 1% of the solar UV-A irradiance (W m À1 of UV-B radiation treatments, respectively. Columns and symbols are means ± SE (n = 4). Main effects of UV-B, P (UV-B) and water availability, P (WA) and interaction between UV-B and water availability, P (UV-BxWA) . Supplementary Fig. S2 ). In the water deficit treatments, plants were subjected to cyclic drought, which consisted in withholding irrigation until water content reached 27-35% of substrate field capacity ( Supplementary Fig. S2 ), Irrigation was performed with the nutritive solution described by Ollat et al. (1998) . The number of water deficit cycles was not statistically different between the UV-B treatments. Nutrient solution concentrations were adjusted to provide the same amount of nutrients to each treatment batch. Grape berry samplings were performed at four developmental stages: (i) pea size (after 14 d of treatments), (ii) onset of veraison, when berries started to turn color (after 41.4 d of treatments on average), (iii) one week after the onset of veraison (48.4 d of treatments on average), when transcripts levels of the target genes are around their maximum (Castellarin et al. 2007b) , and (iv) maturity, when the grapes in the cluster of each plant reached a TSS content of ca. 22
Brix (after 77.7 d of treatments on average). All samples were collected right after the daily UV-B irradiation period, frozen immediately in liquid nitrogen and preserved at À80 C until analysis.
Plant water status
Leaf stomatal conductance and stem water potential measurements were conducted simultaneously to berry samplings at each stage, on young fully expanded leaves. Leaf stomatal conductance was measured using a portable photosynthesis system (GFS-3000, Walz, Germany), 3 h after the beginning of the light period, under a photon flux density of 1200 mmol photons m À2 s
À1
, and with the CO 2 concentration, temperature and relative humidity in the measurement chamber set to growth conditions (395 ppm, 25 C and 50%, respectively). Stem water potential was measured, using a Scholander chamber SKYE SKPM1400 (Skye Instruments Ltd, Llandrindod, Wales), derived from midday leaf water potential measurements, and according to the methodology proposed by Scholander et al. (1965) . Measurements were made close to solar noon (between 12:00 and 14:00 h.), in leaves previously covered with a plastic bag and aluminium foil for 2 h, in order to allow leaf water potential to equilibrate with stem water potential preventing leaf transpiration (Begg and Turner 1970) .
Grape technological maturity
At maturity, clusters were detached and berry traits and yield were determined. Samples of at least 25 berries from each cluster were pressed and centrifuged to obtain the must. Titratable acidity, pH, malic acid and TSS were analysed in this must as in Salazar Parra et al. (2010) . 
Flavonol and anthocyanin profiling
Grape skins from samples collected at pea size, at onset of veraison and at maturity were freeze-dried, then ground and extracted in methanol containing 0.1% HCl (v/v). Extracts were filtered through a 0.45 mm polypropylene syringe filter (Pall Gelman Corp., Ann Arbor, USA) for HPLC routine analysis of individual anthocyanins and flavonols by means of a summit HPLC System consisting of P680 pump, ASI-100 T TM autosampler and UVD 340U UV-Vis diode array detector operating at 520 nm and at 360 nm (Dionex Corporation, Sunnyvale, CA, USA) as described in Acevedo De la Cruz et al. (2012) . Malvidin-3-O-glucoside was used as common external standard for all the quantified anthocyanins (at 520 nm), and quercetin-3-O-glucoside was used for all the quantified flavonols (at 360 nm) (Extrasynthese, Genay, France).
Formal identification of flavonols and anthocyanins was carried out by using high performance liquid chromatography coupled to mass spectrometry (HPLC-MS). The chromatography apparatus, Agilent 1200 from Agilent Technologies (Santa Clara, CA, USA) consists of an autosampler module, a degasser, a binary pump, a column heater/selector and a UV-visible diode array detector (DAD) from the same supplier. This HPLC was coupled to an Esquire 3000+ ion trap mass spectrometer using an ESI source from Bruker Daltonics (Billerica, MA, USA). The HPLC output flow was split with a passive splitter with an average 1:100 ratio, depending on the solvent flow, viscosity and rate. Anthocyanins usually interfere significantly with the chromatographic separation and MS identification of flavonols. For the identification of flavonols, anthocyanin removal was, therefore, carried out by the use of a cation exchange resin Dowex 50WX4 (Sigma-Aldrich) according to Decendit et al. (2002) . More details are provided in Martínez-Lüscher et al. (2014) .
According to the substituents in the B-ring, flavonols and anthocyanins were grouped as 4 
Quantitative real-time RT-PCR
Four independent pools of berry samples, collected from the exposed part of the clusters one week after the onset of veraison, were powdered in a ball grinder MM200 (Retsch, Haan, Germany). Total RNA was extracted according to the method described in Lecourieux et al. (2010) . RNA isolation was followed by DNase I treatment. Reverse transcription was performed from 2 mg of purified RNA using Moloney murine leukemia virus reverse transcriptase (Promega) according to the manufacturer 0 s instructions. Resulting cDNA was diluted 1:10 in ultrapure water. Primer sequences were obtained from the literature and amplification efficiencies were tested for the cv. Tempranillo samples (Supplementary Table S2 ). Quantitative real-time RT-PCR (qRT-PCR) expression analysis was carried out using a CFX96 Real-Time PCR Detection System (Bio-Rad). Reaction mixes (10 mL) were prepared in triplicate, including 5 mL of iQ TM SYBR Green Supermix (Bio-Rad), 0.2 mM of each primer, and 2 mL of diluted (1:10) cDNA. Four candidate reference genes proposed by Reid et al. (2006) were evaluated for expression stability by means of GeNorm M value within the qBase PLUS software (Biogazelle), and as a result glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was chosen for normalization. Thereby, gene transcripts were quantified upon normalization to GAPDH by comparing the cycle threshold of the target gene with that of GAPDH.
Statistical treatment
Statistical analysis was performed with XLstat-Pro (Addinsoft). Relative abundance of each group of flavonols and anthocyanins (molar percentage), were analysed using PCA. Leaf stomatal conductance, stem water potential and total flavonol and flavonol group concentrations were subjected to a three-factor analysis (ANOVA 3x3x2) in order to partition the variance into the main effects (stage, UV-B and water deficit) and the interaction among them. Relative abundances, 3 0 4 0 5 0 /3 0 4 0 partitioning and total anthocyanin and anthocyanin group concentrations at maturity, as well as transcript levels were subjected to a two-way ANOVA (3X2) in order to partition the variance into the main effects of UV-B and water deficit, and the interaction between them. A linear regression was performed on variables linked in the biological context.
Supplementary data
Supplementary data are available at PCP online.
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